Summary.-Populations of NHIK 3025 cells synchronized by mitotic selection were exposed at 37°C to extreme hypoxia in absence and presence of misonidazole (MISO).
MISONIDAZOLE (formerly denoted Ro-07-0582, here abbreviated to MISO) not only sensitizes hypoxic cells to ionizing radiation, but by itself leads to cell inactivation. This inactivation is more pronounced under hypoxic than under aerobic conditions (Hall & Roizin-Towle, 1975; Moore et al., 1976; Stratford & Adams, 1977; Denekamp, 1978) . It has been shown that the stronger inactivation of hypoxic cells is caused by metabolites of MISO produced by hypoxic cells (Olive & Durand, 1978; Whitmore et al., 1978) which are not produced by aerobic cells incubated with MISO. Thus, if aerobic cells are incubated with medium conditioned under hypoxia by cells in the presence of MISO, greater cell inactivation is found than after the same exposure of aerobic cells directly to MISO.
We have previously reported cell-cycle inhibition exerted by MISO on human NHIK 3025 cells under aerobic conditions . The results showed that MISO induces cell-cycle inhibition in aerobic cells, even at concentrations below 1 mm. This inhibition is characterized by a reduced rate of cell-cycle progression, but only in those cells that were exposed during mitosis and/or early G 1. Under hypoxic conditions more severe inhibition of the cell-cycle progression might be expected, assuming that cell inactivation and cell-cycle inhibition sre only different manifestations of the same primary cell damage caused by MISO.
Presently, we have studied the effects of MISO under extreme hypoxia on the cellcycle progression and cell survival of NHIK 3025 cells.
MATERIALS AND METHODS
Human cells of the established line NHIK 3025 were cultured in medium E2a (Puck et al., 1957) supplemented with t To whom correspondence should be addressed. 300/ serum. Populations with a high degree of synchrony were obtained by mitotic shakeoff selection from exponentially growing populations as described previously . Typical values of the synchronization index as defined by Engelberg (Bakke & Pettersen, 1976) were 950o for the first and 64% for the second division after selection . Under growth conditions as used here, the NHIK 3025 cells have median cell-cycle time of 18 h, with median GI and S durations of -7 and , 8 h respectively. Thus, DNA synthesis starts at -7 h and lasts until 15 h after selection Lindmo & Pettersen, 1979) .
Usually mitotic selection was repeated several times at 45min intervals to provide enough cells for one experiment. For cellkinetic studies, the yield of cells from each selection (3-6 x 105 cells in 180 ml medium) was seeded in 6 glass Petri dishes (7 cm in diameter) which were placed in a 37°C incubator supplying automatically an atmosphere of 50/ CO2 in air of high humidity.
The exposure to hypoxia alone or in combination with MISO (the drug was kindly supplied by Roche Products Ltd, U.K.) was performed as follows. At the appropriate time after selection, dishes from one mitotic selection were brought from the CO2 incubator into a walk-in incubator room at 37TC. The medium was removed, and for cells which w%ere to be exposed to hypoxia alone, each dish was rinsed and filled with 3 ml medium. Each of the other dishes was rinsed with medium containing MISO at the proper concentration and then 3 ml of this medium was added. The dishes were then placed 'without covers in a stainless steel chamber and flushed wAith N2 containing 300 C02 and less than 4 pts/106 02, using a set-up described in previous reports (Pettersen et al., 1973; L0vhaug et al., 1977) . The gas mixture was humidified in a sealed water bath at 37TC wN-ith separate temperature control before entering the chamber in order to prevent evaporation of medium from the dishes. The thin layer of medium permitted rapid gas exchange, and the concentration of 02 at the outflow from the chamber decreased to <4 pts/106 after about 15 min of flushing.
The cells w-ere flushed at 37°C for 3 h. The medium was then replaced by 10 ml MISOfree, 'well-oxygenated medium in all the dishes7 and the dishes were again placed in the CO2 incubator. Untreated control populations were kept in the CO2 incubator all the time after mitotic selection. In some experiments the medium was changed also on the untreated control populations at the times corresponding to the beginning and end of exposure, but no effect of this medium change w%&as found on the cell-cycle traverse.
At different times after mitotic selection, samples were trypsinized and stained for analysis of cell-cycle progression by flow cytometric measurement of DNA histograms. The cell samples were stained with mithramycin (Mithracin, Pfizer Inc., U.S.A.) without previous fixation (Crissman & Tobey, 1974) as described earlier (Lindmo & Pettersen, 1979; . DNA histograms were recorded on a laboratory-built flow cytometer (Lindmo & Steen, 1977) using the 457-9nm line of an Argon laser for excitation of mithramycin fluorescence (Lindmo & Pettersen, 1979) . A pre-set number of cells was measured for each sample, and the histogram data were analysed to determine the fraction of cells in GI, S and G2+M (M for mitosis).
For cell-survival studies, cells from one mitotic selection were seeded in 4-5cm glass Petri dishes, using volumes of cell suspension expected to produce about 100 colonies per dish. Exposure to hypoxia alone or in combination with MISO followed the procedure explained above for cell-kinetic studies, with the exception that for these small dishes the change of medium prior to hypoxic incubation was performed using a correspondingly smaller volume of medium per dish (1.0 ml). After completion of the exposure and change of medium, the dishes were placed in the CO2 incubator for 11-14 days w^ith a change of medium on Days 5 or 6. The surviving fraction was determined by macroscopic counting of the number of colonies per dish after fixation and staining (Pettersen et al., 1973) .
RESULTS
Exposure of cells in S Fig. 1 shows DNA histograms of 3 differently treated populations of synchronized cells, all trypsinized and stained 22 h after mitotic selection. The histograms have been analysed by a mathematical model (Dean & Jett, 1974; Lindmo & Aarnaes, 1979) Lindmo & Pettersen, 1979) To investigate the cell-cycle progression as a function of time after treatment of cells in S with hypoxia in absence and in presence of MISO, treated cell populations and untreated controls were trypsinized and stained for DNA measurement at different times up to 31 h after mitotic selection. Fig. 1 shows examples of DNA histograms from such an experiment, and data from the complete time-series of histograms from that experiment are shown in Fig. 2A . The fraction of cells in GI, as calculated from the DNA histograms, is plotted against time to serve as a measure of cell-cycle progression.
The broken lines drawn in Fig. 2 up to 14 h represent measurements from earlier control experiments, both published (Lindmo & Pettersen, 1979; R0nning et al., 1980) and unpublished. These data show that about 10% of the cells are still in GI at the start of exposure 10 h after To investigate the effects of vaarious concentrations of MISO during hypoxia, a reasonable measure of cell-cycle progression was found to be the G1 fraction determined from DNA histograms 14 h after mitotic selection (see Fig. 5 ). This corresponds to 9 h after the end of the treatment, which was also selected for similar analysis after treatment of cells in The GI fraction was determined from DNA lhistograms by a planimetric procedure. Fig. 6 , where the GI fraction of the untreated control population is also shown for comparison. Fig. 6 demonstrates that exposure of cells in G1 to hypoxia alone leads to only minor inhibition of cell-cycle progression compared to the effect of exposure of cells in S (Fig. 3) . Furthermore, after exposure of cells in G1, inhibition of cell-cycle progression continuously increases with increasing concentrations of MISO during hypoxia, thus demonstrating a fundamentally different relationship from that found after treatment of cells in S (Fig. 3) . Fig. 7 (closed symbols) shows the cell survival after the 3h exposure of G1 cells to hypoxia with various concentrations of MISO. Like the data on cell-cycle inhibition (Fig. 6) hypoxia alone has only a minor effect, and no significant reduction In an attempt to induce a greater effect by hypoxia alone, GI cells were exposed to extreme hypoxia for 12 h (starting 2 h after mitotic selection). DNA histograms showed that the cells remained in G 1 during the whole treatment. As Fig. 7 demonstrates (open symbols), cell inactivation by hypoxia alone was not significantly larger than after the usual 3h treatment. However, the concentration of MISO required to induce a given inactivation in the prolonged treatment was only about I /10 of that required in the 3h treatment.
Specific exposure of cells in G2 + M was difficult to achieve, since the degree of synchrony deteriorates with time after mitotic selection, and since the desired 3h exposure is nearly as long as the median duration of G2 + M. The results of an experiment in which the cells were exposed to hypoxia alone and in presence of 0 4mM MISO for 3 h, starting 15 h after Fig. 3 . The abscissa in this double-logarithmic plot is broken to display the surviving fraction without MISO (hypoxia alone).
mitotic selection, is shown in Fig. 8 . About 10% of the cells had already divided when treatment was started, and during treatment cell division went on relatively undisturbed. The DNA histograms showed that, in the population treated with hypoxia alone, the entrance of cells into S of the second generation started at about the same time (22 h after selection) as for untreated cells, but the cells proceeded at a somewhat lower rate. Cell-cycle progression in this second generation was, however, severely inhibited in the cells exposed to 04mM MISO during hypoxia, and in the DNA histogram no significant entry of cells into S was seen until 32 h after mitotic selection (i.e. 10 h later than in the untreated control and in the population exposed to hypoxia alone).
Neither hypoxia alone nor additional MISO up to 0 4 mm caused any significant cell inactivation (survival 80-90%) in an experiment performed with a 3h treatment starting 15 h after mitotic selection (results not shown). 
DISCUSSION

Effects of extreme hypoxia
The results in Figs 1, 2, 5 and 8 demonstrate that 3h exposure to extreme hypoxia during GI, S or G2 +M inhibits cell-cycle progression. Whereas cell division could take place during hypoxia (Fig. 8 ) cells exposed to hypoxia in S hardly proceeded through the cell cycle during treatment. Cells treated in GI seemed to proceed through GI but would not enter S under hypoxia. This is shown by DNA histograms of exponentially growing NHIK 3025 cells treated with extreme hypoxia (Fig. 9) . The accumulation of cells in late GI during hypoxia led to a synchronous entry into S shortly after reoxygenation (panel C). Three h after reoxygenation these cells had achieved DNA synthesis corresponding to about 2h synthesis at the normal rate.
The cell-cycle progression of synchronized cells was slowed also after the end of the treatment, thus indicating lasting effects of the damage caused by hypoxia. (Figs 4 and 7) . Since 12h extreme hypoxia produced in cells in G 1 only the same minor cell inactivation as the 3h treatment (Fig. 7) , whereas the latter treatment of cells in S induced a pronounced effect, NHIK 3025 cells demonstrate a cellcycle phase-specific sensitivity to extreme hypoxia.
Earlier reports mostly present data on survival of asynchronous cell populations exposed to hypoxia for different lengths of time (Littbrand & Revesz, 1968; Bedford & Mitchell, 1974; Born et al., 1976) but the effect of prolonged hypoxia on cell kinetics has also been studied (Born et al., 1976) . The latter work demonstrated prolongation of G1 and S up to several times their normal duration in Chinese hamster cells, whereas the duration of (-2 remained unchanged; which supports the present findings. Data on the effect of hypoxia on cell survival, as summarized by Born et al. (1976) , demonstrate a considerable spread and variation in shape of the curves showing cell-survival as a function of the duration of hypoxia. NHIK 3025 cells, being resistant to hypoxia in GI (and probably in G2 and M) but sensitive in S, may give rise to a biphasic cell-survival curve as a function of the duration of hypoxia.
The high sensitivity to hypoxia in S may be related to a strong requirement for 02. Robbins & Morrill (1969) found a close correlation between DNA synthesis and 02 uptake through the cell cycle in synchronized HeLa cells. It would seem possible that cells in S, due to an increased 02 requirement, could deplete the medium Of 02 more efficiently than cells in other parts of the cell cycle, and thus by themselves aggravate the degree of hypoxia. Consequently one would expect to find more severe effects of hypoxia on cells in S. This possibility does, however, seem remote with the present experimental procedure using very low cell densities (10-30 cells/cm2 in survival studies), thin layer of medium (<1 mm during hypoxia) and constant flushing (5 1/min) of the stainless-steel incubation chamber with gas of fixed composition (<4 pts/1 06 02 in N2, with 30o C02)-High 02 requirement during S may, however, explain why hypoxia arrests the cells in a pre-DNA-synthetic stage, as demonstrated in Fig. 9 . Similar observations have been made by others (Koch et al., 1973; Bedford & Mitchell, 1974) and increased fractions of (40/(G cells have been found in the inner, hypoxic region of multicellular spheroids (Lticke-Huhle & Dertinger, 1977) , an observation also registered for NHIK 3025 cells (Wibe et al., 1981) .
Effects of MISO during extreme hypoxia Fig. 2 shows that while cells exposed in S to extreme hypoxia alone are delayed in entering G 1 of the next generation by about 9 h, extreme hypoxia with 0'2mM MISO induces only half that delay. Lower concentrations of MISO (0.05 and 0 1 mM) are even more efficient than 0 2 mm in reducing the cell-cycle inhibition caused by hypoxia alone (Fig. 3) . Thus, MISO counteracts the cell-cycle inhibition by extreme hypoxia alone on cells in S.
This protective effect is not limited to inhibition of the cell cycle. Fig. 4 shows a protective effect also on the colony-forming ability after treatment of cells in S. Whilst survival after hypoxia alone is about 40o, lethal damage is avoided when MISO in concentrations of 0G -0-2 mm is present during hypoxia, and cell survival is restored to control values. The cell inactivation at higher concentrations of MISO is probably due to its metabolites known to be formed under hypoxic conditions (Olive & Durand, 1978; Whitmore et al., 1978) .
Presence of MISO during exposure of cells in GI or G2 + M to hypoxia leads to only additional cell-cycle inhibition and cell inactivation (Figs 5, 6, 7 and 8) .
By comparing the effects of hypoxia on cells in GI, S or G2+M in presence of 04mm MISO (Figs 2B, 5 and 8) it is notable that the additional cell-cycle inhibition by 0'4mM MISO when cells are exposed during division is more pronounced than after exposure at other stages of the cell cycle. This accords with our previous studies on1 cell-cycle inhibition by MISO under aerobic conditions which demonstrated that MISO under aerobic conditions reduces the rate of cell-cycle progression only in cells exposed during mitosis/earlv ( 1. Cell inactivation due to concentrations of MISO above 1 mM are comparable to results obtained by other workers (Hall & Roizin-Towle, 1975; Moore et al., 1976; Born et al., 1976; Stratford & Adams, 1977; Stratford & Gray, 1978; Taylor & Rauth, 1978; Geard et al., 1978; Wong et al., 1978; Hall et al., 1979; Stratford et al., 1980; Taylor & Rauth, 1980) . Surviving fractions after 3h exposure of exponentially growing cells to hypoxia and 5mM MISO range from 0-1-60% for V79 cells (Stratford & Adams, 1977; Geard et al., 1978) , from 0 6-35% for CHO cells (Wong et al., 1978; Taylor & Rauth, 1980) , but were as low as 10-4-10-5 for HeLa cells (Taylor & Rauth, 1978; 1980) . NHIK 3025 cells seem to present a large difference in sensitivity between GI and S. Whereas Hall & Biaglow (1977) concluded that in synchronized CHO cells, cell inactivation by 5mM MISO for 3 h under hypoxia is almost independent of the position in the cell cycle, our results (Figs 4 and 7) suggest a 20 x greater survival of GI cells than S cells after a similar exposure. The survival of NHIK 3025 cells after exposure for different times in GI and S to extreme hypoxia and 30mM MISO at room temperature has previously been studied (Pettersen, 1978) . After a 3h exposure the surviving fraction of cells in (G1 was about 30 x that of cells in S.
The present study demonstrates a protective effect of MISO on cells in S exposed to hypoxia, which reaches its maximum (i.e. 10000 survival) already at the low MISO concentration of 0 I mm. Since hypoxic cells metabolize MISO, the concentration of MISO will decrease, whereas the concentration of metabolites will increase with increasing duration of hypoxia. The observed protection may therefore vary with treatment time, depending on how efficient the metabolites of MISO are in exerting this protection, compared to MISO itself.
It is known that hypoxic-cell sensitizers influence cellular 02 use (Biaglow, 1980) . MISO in high concentrations (5 mM) has thus been found to inhibit 02 utilization in aerobic V79 cells by 20% Durand et al., 1978) . The strong cellcycle inhibition and cell inactivation after exposure of NHIK 3025 cells in S to extreme hypoxia alone, might be due to an aggravation of the hypoxia by cellular 02 utilization. If so, the presence of MISO would seem to counteract the effects of hypoxia alone by preventing this 02 utilization. MISO is, however, one of the radiosensitizing nitrocompounds with the least capacity for inhibiting cellular 02 utilization. In fact, 1 mm MISO was found to have no effect on the rate of 02 consumption in Ehrlich tumour cells or V79 lung cells Durand et al., 1978) and even stimulation of cellular 02 consumption by 10mM MISO has been found in Ehrlich ascites cells (Mustea et al., 1978) . The possibility that MISO in concentrations of 01 mM should significantly reduce 02 utilization in NHIK 3025 cells under extreme hypoxia therefore seems remote.
Nevertheless, an attempt was made to clarify whether the severe effects of hypoxia on cells in S were due to an aggravation of hypoxia caused by cellular utilization of residual 02. Synchronized NHIK 3025 cells in S were subjected for 3 h to extreme hypoxia, but in presence of various concentrations of rotenone instead of MISO. Rotenone in concentrations about 0-1-l M is routinely used to inhibit cellular respiration (CGregg et al., 1968; Durand & Biaglow, 1977; Biaglow et al., 1978) . We used concentrations in the range 0-3-10 tM which caused no cell inactivation under aerobic conditions. Rotenone led to no increased survival of cells in S exposed to extreme hypoxia. The way in which MISO protects cells in S exposed to hypoxia therefore remains unexplained.
Some mechanisms behind the effects of MISO as a radiosensitizer may be of interest in relation to the observed protective effect. The direct-action model for radiosensitization by electron-affinic chemicals (Adams & Cooke, 1969) The high electron-affinity of 02, which according to the above model determines its properties as a radiosensitizer, is also fundamental for its role in respiration, where 02 acts as an acceptor of electrons in the electron transport system. An electron-affinic chemical like MISO, able to mimic the radiosensitizing effects of 02, might therefore also be able to mimic the respiratory effect of 02-If the protective effect of MISO on cells in S is a general phenomenon, demonstrable also in other cell types and in vivo, it may be of clinical interest to note that the full effect requires only a very low concentration of MISO. In clinical use of MISO as a radiosensitizer, peak concentrations of about 0 5 mm in plasma as well as tumour tissue are readily attainable (Gray et al., 1976; Ash et al., 1979) . Considering the half life of MISO in humans (Dische et al., 1978) it seems that hypoxic cells in the tumour will be exposed for several days to MISO concentrations high enough for the full protection as seen here on NHIK 3025 cells in S. The time dependence of the effect will therefore be important, and the question discussed above; whether or not the metabolites of MISO formed under hypoxia are able to counteract the cell-cycle inhibition and cell inactivation induced by hypoxia alone, becomes essential. Data which show that some of these metabolites are equally efficient radiosensitizers to MISO (Brown et al., 1979; Flockhart et al., 1978) are interesting in this respect.
